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ABSTRACT: An atomically dispersed palladium (Pd) catalyst supported onto a defective nanodiamond-graphene (ND@G) is reported here for selective hydrogenation of acetylene in the presence of abundant ethylene. The catalyst exhibits remarkable performance for the selective conversion of acetylene to ethylene: high conversion (100%), ethylene selectivity (90%), and good stability (i.e., steady for at least 30 hours). The unique structure of the catalyst (i.e., atomically dispersion of Pd atoms on graphene through Pd-C bond anchoring) ensure the facile desorption of ethylene against the over-hydrogenation of ethylene to undesired ethane, which is the key for the outstanding selectivity of the catalyst.
Ethylene, produced from petroleum industry, is an important raw material for the production of polyethylene. However, trace amount of acetylene (~1%) is usually present in the ethylene feed, which would poison the catalysts used for ethylene polymerization and reduce the quality of polyethylene. [1] [2] [3] An ideal solution is to selectively hydrogenate the trace amount of acetylene to ethylene. Pd nanoparticles (NPs) are so far regarded as the most efficient catalyst for such catalytic reaction. 1 However, pure Pd metal catalysts possess very poor selectivity for high acetylene conversion in the presence of ethylene. 4, 5 For this reason, pure Pd metal was modified with surface modifiers, such as lead acetate or quinoline (e.g., those in Lindlar catalyst) to enhance the selectivity of acetylene hydrogenation. However, these catalysts were usually toxic, and large amounts of environmental pollutants (e.g., Pb or sulfur containing compounds) could be produced as by-products. [6] [7] [8] [9] Other ways to enhance the selectivity included depositing a second metal or metal oxide on Pd nanoparticles or fabricating intermetallic compounds.
3,10-13 These methods were often regarded as "site-isolative" structural modification (and thus electronic modification) of the active Pd component.
14 However, the complexity in catalyst preparation and relatively low performance of these bimetallic Pd catalysts keep driving researchers to search for more efficient and sustainable new catalysts.
It has been revealed that the hydrogen atoms tend to diffuse into the subsurface region of Pd nanoparticles/clusters during hydrogenation reactions. [15] [16] [17] These subsurface hydrogen atoms called β-hydride or β-H are much more active than adsorbed surface hydrogen species, which caused the over-hydrogenation of alkynes and thus lowered the selectivity towards alkene. 16 Interestingly, some studies found that the formation of palladium carbide (PdCx) during alkyne hydrogenation had a decisive influence on catalytic selectivity. 3, 18, 19 Carbon atoms incorporated into top Pd layers could reduce β-H's rate of diffusion (to catalytic surfaces) and hinder its participation in the catalytic process. 15 Meanwhile, carbon atoms dissolved in the top Pd layers were likely to modify surface electronic structure of Pd, 15 leading to favored partial hydrogenation. Thus, it is vital to design a catalyst free of β-hydride but with good activity and a suitable desorption barrier and hydrogenation barrier of ethylene.
Here, we report a new Pd catalyst that consists of isolated Pd atoms anchoring onto the defective nanodiamond-graphene (ND@G) nanocarbon support (Pd1/ND@G). Our catalyst showed high activity and excellent selectivity for acetylene hydrogenation. We found that the Pd species in the Pd1/ND@G interact strongly with the support, becoming embedded in the graphene defects through bonding with three C atoms. The unique structure of the atomically dispersed Pd catalyst rendering the easy desorption of the surface C2H4* species, which is the key for the excellent selectivity, in sharp contrast with Pd nanocluster catalysts. The ND@G carbon material used here contains a thin graphene shell with abundant defects formed during the annealing of nanodiamonds. 20 The role of nanodiamond is that it is a perfect substrate for the grown of highly defective few-layer graphene outersheet with curvature, which is pivotal to preparation of Pd catalysts. 21 High-resolution transmission electron microscope (HRTEM) images, Raman spectra and XPS measurements ( Figure. S1 and S2) revealed that ND@G was covered with defective graphene shell. By modulating the loading amount of Pd on graphitic carbon shell, we could change the dispersion of Pd to make two different types of catalysts: Pd1/ND@G (0.11 wt %) and Pdn/ND@G (0.87 wt %) where Pdn denotes Pd clusters. The detailed structural information of the catalysts is shown in Table S1 .
From XRD profiles (see Figure S3) , it is clear that no diffraction associated with bulk Pd was observed on both samples, indicating that Pd species were highly dispersed over the surface of ND@G composite.
The aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was used to study the dispersion of Pd on ND@G (Figure 1 ). For Pdn/ND@G, the sample was found with Pd clusters, together with some amount of atomically dispersed Pd species. Instead, for Pd1/ND@G catalyst, no Pd nanoclusters and nanoparticles were observed, and the Pd element existed exclusively as atomically dispersed Pd species on ND@G. Significantly, this is a new method to prepare the atomically dispersed Pd catalyst. 22, 23 Figure 2. Pd K-edge XANES profiles (a) and EXAFS spectra (b) for Pd1/ND@G and Pdn/ND@G (inset: expansion of the highlighted region); WT analysis of Pd1/ND@G (c) and Pdn/ND@G (d); and the optimized structure of Pd atom embedded into graphene from top (left) and side (right) views (e). Color code: Pd (blue) and C (Dark).
To further investigate the distinct structure of Pd species, we used X-ray adsorption fine structure (XAFS) spectra to study the Pd1/ND@G and Pdn/ND@G, together with two reference samples: Pd foil and PdO. From the X-ray absorption near-edge structure (XANES) spectroscopy (see Figure 2a) , the near-edge feature of Pd1/ND@G or Pdn/ND@G shifted to higher valence state compared to that of Pd foil, indicating the existence of slightly positively charged Pd species. More interestingly, the absorption of Pd1/ND@G is located between that of Pdn/ND@G and PdO, suggesting that the atomically dispersed Pd species has stronger interaction with ND@G than Pd in Pdn/ND@G. As shown in Figure 2b, the Fourier-transformed (FT) k 2 -weighted extended X-ray absorption fine structure (EXAFS) provided key evidence of the coordination environments of Pd atoms anchored on ND@G. For Pd1/ND@G, the only distinct peak observed at 1.5 Å corresponds to the first coordination shell of Pd in a bonding configuration of Pd-C or Pd-O. 23 In contrast, for Pdn/ND@G, besides the peak of Pd-C/O, an appreciable peak at about 2.4 Å can be ascribed to first shell Pd-Pd coordination, indicating the formation of Pd nanoclusters. Wavelet transform (WT) of Pd L3-edge EXAFS oscillations further display visually the atomic dispersion of Pd throughout the whole catalyst. In Figures 2c-d , WT plots of Pd1/ND@G and Pdn/ND@G showed one maximum near 1.5 Å, which is associated with the Pd-C/O contribution. However, as shown in Figure 2d , another maximum can be observed at 2.4 Å for Pd clusters, which can be attributed to the existence of Pd-Pd scattering. These results further confirm the formation of Pd nanoclusters. The least-squares EXAFS fitting curves of Pd1/ND@G and Pdn/ND@G are shown in Figure S4 , and the corresponding structure parameters are listed in Table S2 . The coordination number of the Pd with surrounding C/O atoms on Pd1/ND@G is about 2.6, and the mean bond length of Pd-C/O is 2.04 Å. The interatomic bond length decreases as the Pd-Pd coordination number decreases, which is in accordance with previous reports. 6, 22, [24] [25] [26] [27] To further unravel the local structure of atomically dispersed Pd species, we investigated different bonding models of Pd-(C/O)x motif on ND@G through the calculations at the level of density functional theory (DFT). Considering the practical situation in which H2 is presented and participated in the reaction, it is highly possible that Pd-O was not stable on ND@G, as oxygen can be easily captured by H2 to form H2O (see Table S8 -S10). Based on the above analysis, the local atomic structure around Pd was constructed in Figure 2e . The isolated Pd atom was anchored through three carbon atoms over the defective sites of graphene, forming a pyramidal geometry through covalent bond between Pd and carbon atoms.
Catalytic performance of Pd1/ND@G was evaluated and compared to Pdn/ND@G for semihydrogenation of acetylene, as shown in Figure 3 . The conversion of acetylene as a function of temperature over those catalysts are shown in Figure 3a . For pure ND@G support, no hydrogenation products were detected at a series of reaction temperatures, indicating that the support itself was inert in such reaction. For Pdn/ND@G, it exhibited extremely high catalytic activity even at room temperature. However, the selectivity of ethylene (see the SI for the calculation method of selectivity) was -450% over Pdn/ND@G. This means, when the conversion of acetylene reached at full, the selectivity of ethylene decreased to negative value, as shown in Figure 3b . This demonstrated that a large amount of ethylene in the feed was converted to ethane, which produced low valued product while wasting the raw ethylene. Significantly, by isolating Pd atoms on ND@G, Pd1/ND@G manifested robust catalytic activity and remarkably higher selectivity toward ethylene than Pdn/ND@G (see Figure  3b) . The selectivity of Pd1/ND@G toward ethylene was >90% even when the conversion of acetylene reached 100% at 180 o C. The turnover frequencie (TOFs) of Pd1/ND@G is as high as 2840 h -1 , suggesting an effective atomic utilization of Pd. The stability of Pd1/ND@G catalyst was evaluated. As shown in Figure 3c , the conversion and selectivity at 180 o C over Pd1/ND@G kept steady at 100% and 90% respectively for at least 30 h. Notably, even for catalyst after 30 hours in reaction, no visible metallic atom aggregation was observed by HAADF-STEM ( Figure S5 ). This observation suggests that the substrates anchoring through Pd-C binding can effectively create high-performance catalyst, and Pd1/ND@G is steady against deactivation and sintering during the reaction. Besides, Pd1/ND@G avoid oligomerization of acetylene, which is in accordance with previous reports. The lack of β-H reservoir in the Pd1/ND@G catalyst (compared to conventional Pd catalyst and Pdn/ND@G) could suppress the opportunity of further hydrogenation of ethylene to ethane, due to the control of reaction kinetics. This is one of the main reasons for the excellent selectivity of Pd1/ND@G. Why does the atomically dispersed Pd catalyst have such high selectivity for acetylene hydrogenation? To resolve this puzzle, we built the model of atomically dispersed Pd on defective graphene (termed as Pd1@Gr) according to the deduced catalyst structures in experiments (Other candidate configurations are described in the Supporting Information), and studied the reaction mechanism by quantum chemistry simulation at the DFT level 29 . As shown in Figure 4 , acetylene gas molecule preferentially adsorbed on Pd atom of Pd1@Gr. The adsorption energy of acetylene on Pd atom of Pd1@Gr (-0.61 eV, Table S13 ) is much weaker than that on Pd (111) surface (-1.79 eV) 30 . Then, the molecular hydrogen undergoes heterolytic dissociation (C), leaving one of the hydrogen atoms bound to a C atom and the other one to a Pd atom. This step is endothermic by 0.44 eV with an energy barrier of 1.10 eV (from B to C). The following reaction to vinyl molecule is free of barrier and is exothermic by -1.35 eV (from C to D). From vinyl molecule to adsorbed ethylene species, the process experiences further hydrogenation with an energy barrier of 0.85 eV (TS3 shown in Table S13 and Figure S8 ) and is exothermic by -1.30 eV (from D to F). Although the simulated elementary steps for further hydrogenation of ethylene to ethane are still thermodynamically exothermic on isolated Pd active sites, the energy barrier of further hydrogenation of adsorbed C2H4 intermediate to ethane (1.17 eV) is much higher than the desorption energy of surface C2H4 species to the gas phase (0.66 eV). In another word, the high selectivity of acetylene hydrogenation reaction here is due to the In summary, we synthesized a new atomically dispersed Pd1/ND@G catalyst, which exhibited remarkably high selectivity (90%) for the hydrogenation of acetylene to ethylene with a 100% conversion rate. The suppression of further hydrogenation of ethylene to ethane is linked to the presence of energetic favored path of ethylene desorption at the active sites and the lack of β-hydride reservoir in the Pd1/ND@G catalyst. This new catalyst design strategy paves the way for rational design of highly selective catalysts for hydrogenation.
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